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" Mercury exposure causes mortality and oxidative stress signs in cockroach Nauphoeta cinerea.
" Mercury causes decreases in GSH levels in cockroach.
" Mercury causes decreases on the activity of antioxidant enzymes.a r t i c l e i n f o
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Organic and inorganic forms of mercury are highly neurotoxic environmental contaminants. The exact
mechanisms involved in mercury neurotoxicity are still unclear. Oxidative stress appears to play central
role in this process. In this study, we aimed to validate an insect-based model for the investigation of oxi-
dative stress during mercury poisoning of lobster cockroach Nauphoeta cinerea. The advantages of using
insects in basic toxicological studies include the easier handling, rapid proliferation/growing and absence
of ethical issues, comparing to rodent-based models. Insects received solutions of HgCl2 (10, 20 and
40 mg L-1 in drinking water) for 7 d. 24 h after mercury exposure, animals were euthanized and head tis-
sue samples were prepared for oxidative stress related biochemical determinations. Mercury exposure
caused a concentration dependent decrease in survival rate. Cholinesterase activity was unchanged. Cat-
alase activity was substantially impaired after mercury treatment 40 mg L-1. Likewise, GST had a signif-
icant decrease, comparing to control. Peroxidase and thioredoxin reductase activity was inhibited at
concentrations of 20 mg L-1 and 40 mg L-1 comparing to control. These results were accompanied by
decreased GSH levels and increased hydroperoxide and TBARS formation. In conclusion, our results show
that mercuric compounds are able to induce oxidative stress signs in insect by modulating survival rate
as well as inducing impairments on important antioxidant systems. In addition, our data demonstrates
for the ﬁrst time that Nauphoeta cinerea represents an interesting animal model to investigate mercury
toxicity and indicates that the GSH and thioredoxin antioxidant systems plays central role in Hg induced
toxicity in insects.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Mercury (Hg) is a widespread environmental contaminant that
has been mined, puriﬁed, and used by humans for thousands of
years and, although its toxicity has been well reported, exposure
to these elements has continued and even increased, mainly in less
developed countries (Jarup, 2003). Additionally, human activities
can mobilize mercury from natural sources inadvertently causingcontamination of water and leading to absorption by organisms
along the food chain (Walters et al., 2011). Also important, it has
been shown that mercury transport from more densely populated
regions (lower latitudes) results in the accumulation of methyl-
mercury in the food chain of Arctic and Antarctic environments
(Barkay and Poulain, 2007), raising concern worldwide regarding
the environmental impact of this toxicant. In Brazil, with industri-
alization, the extensive use of this metal diffused in urban-indus-
trial areas have been favoring the increase of Hg concentrations
in, for example, gold mining sites at the Amazon region and in
water and aquatic organisms in the southeastern coast, thus posing
risks to human health (Malm, 1998).
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system(Clarkson, 2002; Shankeret al., 2003), buthepatotoxicity and
nephrotoxicity have also been reported (Ceccatelli et al., 2010; Jan
et al., 2011). Although studies have demonstrated that invertebrates
are susceptible to chemical contaminants, including Hg (Paula et al.,
2012) and other heavy metals (Balamurugan et al., 2009; Posgai
et al., 2011), there is a pronounced lack of studies addressing mer-
cury’s effects in insects. Since these invertebrates are a widespread
and diverse group, understanding the toxicological mechanisms
by which Hg interferes with insect homeostasis may be relevant.
Evidences in literature have been postulated that oxidative
stress represents a major mechanism bywhichmercury causes del-
eterious effects to organisms (Farina et al., 2011a,b). Accordingly,
oxidative stress elicited by Hg is a result of amyriad ofmechanisms,
including low-molecular thiols depletion, calcium and glutamate
dyshomeostasis, mitochondrial dysfunction, ROS formation and
antioxidant enzyme inhibition, which can induce undesirable bio-
logical reactions, such as lipid peroxidation, protein unfolding and
DNA damage, leading to cell death or tissue injury (for comprehen-
sive reviews see Aschner et al., 2007; Farina et al., 2011a,b).
Toxicological studies have been undertaken in several animal
models, such as Mus musculus (Franco et al., 2009), Danio rerio
(Mela et al., 2010), Caenorhabditis elegans (Helmcke and Aschner,
2010) and insects as Drosophila melanogaster (Rand et al., 2009;
Paula et al., 2012) and others (Paes and Oliveira, 1999). The use
of insect as platforms for environmental toxicity research has been
encouraged since they respond to contaminants in a similar way
compared to rodents and contributes to the understanding of bio-
logical mechanisms existing in almost all living organisms (Ahmad,
1995). The development of techniques using insects as model
organisms for basic toxicological studies has been more frequent
in the sense that insects have advantages, including the easy han-
dling and observation, rapid proliferation/growth and lack of ethi-
cal issues, comparing to rodent-based models.
The enzymatic antioxidant defense against ROS in insects is
constituted by the actions of glutathione peroxidase (GPX), cata-
lase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase
(Barbehenn, 2002). Moreover, phospholipid glutathione peroxidase
has been reported in insects (Li et al., 2003; Nair et al., 2012). In
addition, cockroaches are known for their prominent resistance
against pesticides (Hemingway et al., 1993; Wu et al., 1998), a phe-
nomenon that has been attributed to elevated levels of GST activity
in these organisms (Ma and Chang, 2007). The thioredoxin system
has been shown to be crucial in dipteran insects such as Drosophila
melanogaster and Anopheles gambiae, the major vector of tropical
malaria, because glutathione reductase is absent in these organ-
isms (Kanzok et al., 2001).
Cockroaches are a group of widely used insects in bioassays. The
ease of housing and maintenance, low cost and high reproductive
potential contributes to the use of these insects in research (Topin-
ka et al., 1984). These characteristics justify the choice of Naupho-
eta cinerea to the study.
The overall objective of this study was to evaluate whether
changes on oxidative stress and antioxidant responses induced
by mercury in cockroaches corroborates data from literature in
other organisms, mainly rodents, indicating the lobster cockroach
as a valuable model for preliminary toxicological evaluations. To
our knowledge this is the ﬁrst study using Nauphoeta cinerea as a
template for mercury-induced toxicity studies.
2. Materials and methods
2.1. Chemicals
Mercury chloride (HgCl2), 5,50-dithiobis(2-nitrobenzoicacid) (D81
30), acetylthiocholine iodide (A5751), 1-chloro-2,4-dinitrobenzene(237329), xylenol orange (52097), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid, N-(2-hydroxyethyl)piperazine-N0-(2-ethanesulfo-
nic acid)(HEPES; H3375), t-butyl-hydroperoxide (t-bOOH; 458139), L-
glutathione reduced form (G4251), glutathione oxidized form
(G4376), glutathione reductase from baker’s yeast (S. cerevisiae;
G3664), Triton X100 (T8532), Albumin from bovine serum (BSA;
A6003),b-nicotinamideadeninedinucleotide20-phosphate reduced tet-
rasodium salt hydrate (NADPH; N1630) were obtained from Sigma–Al-
drich (SãoPaulo, Brazil). All other reagentswere commercial productsof
the highest purity grade available.
2.2. Animals and treatment
Lobster cockroaches Nauphoeta cinerea were purchased from a
registered breeder (Nutrinsecta, MG) and mixed-age and mixed-
sex mass colonies were reared in plastic boxes (40  40  30 cm)
at 25 ± 1 C and 70% relative humidity, under a reversed 12 h
light/dark photoperiodic cycle. Insects had free access to dry dog
food and fresh water. Animals were treated with different concen-
trations of mercuric chloride (Hg) diluted in water at 10 mg L-1,
20 mg L-1 and 40 mg L-1. The control groups received only water.
Cockroaches were distributed in six animals per group (n = 6).
The exposure schedule lasted 7 d. After treatment was ﬁnished,
the number of dead and live cockroaches was determined to obtain
a survival rate. Due to safety issues, we used the inorganic mercury
HgCl2 instead of organic forms.
2.3. Sample preparation
After treatments were ﬁnished, cockroaches had their heads
isolated and homogenized in 20 mM HEPES buffer (pH 7.0). The
homogenate was ﬁltered in a thin mesh fabric and centrifuged
at 1000g for 10 min (4 C). An aliquot of the ﬁrst supernatant
(S1) was used for measurements of cholinesterase activity, lipid
peroxidation levels (TBARS) and total hydroperoxides (PCA-FOX
assay), the remaining S1 was centrifuged at 20000g for 30 min
(4 C). The supernatant was isolated and used for measuring the
activity of antioxidant enzymes and other biochemical measure-
ments based on protocols previously described (Paula et al.,
2012).
2.4. Enzyme assays
Glutathione transferase activity (GST) was assayed following
the procedure of Habig and Jakoby (1981) using 1-chloro-2,4-dini-
trobenzene (CDNB) as substrate. The assay is based on the forma-
tion of the conjugated complex of CDNB and GSH at 340 nm. The
reaction was conducted in a mix consisting of 0.1 M phosphate
buffer pH 7.0, 1 mM EDTA, 1 mM GSH, and 2.5 mM CDNB. Catalase
activity was assayed following the clearance of H2O2 at 240 nm in a
reaction media containing 0.05 M phosphate buffer pH 7.0, 0.5 mM
EDTA, 10 mM H2O2, 0.012% TRITON X100 according to the proce-
dure of Aebi (1984). Peroxidase activity was determined by a cou-
pled assay with glutathione reductase (GR) as described by Ahmad
and Pardini (1988), with some modiﬁcations, using tert-butylhy-
droperoxide (10 mM) as substrate. The reaction was followed in
0.1 M phosphate buffer pH 7.0, 10 mM EDTA, 1mMGSH, 0.2 mM
NADPH, 0.25 U GR from yeast. TrxR activity was measured based
on the method of Holmgren and Bjornstedt (1995). The assay med-
ium consisted of 0.1 M phosphate buffer pH 7.0, 10 mM EDTA,
5 mM DTNB, 0.2 mg mL-1 BSA, 0.2 mM NADPH. Acetylcholinester-
ase activity was assayed following the procedure of Ellman et al.
(1961). The system consisted of 0.1 M phosphate buffer pH 8.0,
0.5 mM DTNB, and 0.35 mM acetylthiocholine as initiator. There
action was monitored for 2 min at 412 nm. All enzyme activities
Fig. 1. Effect of Hg on cockroach survivability. Animals were exposed to concen-
trations of HgCl2 in drinking water for 7 d. After treatment was ﬁnished, the number
of live and dead insects was counted. Results are expressed as percentage of control
(mean ± SD). ⁄⁄p < 0.01.
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2.5. Lipid peroxidation and total hydroperoxides
Lipid peroxidation end products were quantiﬁed as thiobarbitu-
ric acid reactive substance (TBARS) following themethod ofOhkawa
et al. (1979) with minor modiﬁcations. Sample aliquots were incu-
bated in 0.45 M acetic acid/HCl buffer pH 3.4, 0.28% thiobarbituric
acid, 1.2% SDS, at 95 C for 60 min and absorbance then measured
at 532 nm. TheTBARSvalueswerenormalizedbyprotein concentra-
tion. The results were expressed as percentage of controls. The total
hydroperoxide content was assessed using the PCA-FOX assay (Gay
and Gebicki, 2002). This approach allows the detection of hydrogen
peroxide as well as other hydroperoxides, including lipid hydroper-
oxides. In brief, sample aliquots were incubated for 60 min at 37 C
in a mix containing 0.25 mM xylenol orange, 0.25 mM ammonium
ferrous sulfate, 100 mMsorbitol, 110 mMperchloric acid and absor-
bance then measured at 560 nm. The hydroperoxide values were
normalized by protein concentration. The results were expressed
as percentage of controls.
2.6. Thiol status
Glutathione (GSH) was measured as non-protein thiols based
on Ellman (1959) with minor modiﬁcations (Franco et al., 2006).
Protein thiols (PSH) were measured spectrophotometrically using
Ellman’s reagent. The pellet from the GSH sample was washed with
0.5 M perchloric acid and incubated for 30 min at room tempera-
ture in the presence of a solution containing 0.15 mM DTNB,
0.5 M Tris–HCl, pH 8.0, and 0.1% SDS. PSH was estimated using
the molar extinction coefﬁcient of 13600 M1 cm1. A sample
blank without Ellman’s reagent was run simultaneously.
2.7. Statistical analysis
Statistical analysis was done by One Way ANOVA followed by
Duncan’s post hoc test when multiple groups were analyzed (e.g.
control vs Hg multiple concentrations). When control vs Hg single
concentration was tested, a Student’s t-test was used. Signiﬁcant
levels were considered when p < 0.05.
3. Results
3.1. Survivability, thiol status and oxidative stress markers
After 7 d of Hg exposure, the survival rate was signiﬁcantly de-
creased (p < 0.05) in 40 mg L-1 Hg treated cockroaches (Fig. 1).
In order to evaluate whether Hg might cause oxidative stress in
lobster cockroaches, we measured a set of redox-status and oxida-
tive damage markers in cockroaches exposed for 7 d to Hg concen-
trations. Non-protein thiols (NPSH) content, which consist mainly
in GSH, was signiﬁcantly decreased (Fig. 2A; p < 0.05) at the high-
est Hg concentration tested, while protein thiols (PSH) tended to
decrease, however not in a statistically signiﬁcant level (Fig. 2B).
Total hydroperoxides formation was substantially increased
(p < 0.05) in 40 mg L-1 Hg treated animals as compared to control
(Fig. 2C). It was also observed a signiﬁcant increase (p < 0.05) in
TBARS levels, an indicative of lipid peroxidation in cockroaches
treated with 40 mg L-1 Hg (Fig. 2D).
3.2. Antioxidant status
As an attempt to search for possible mechanisms by which
Hg induces oxidative stress in the lobster cockroach model weanalyzed the activities of a set of antioxidant enzymes that have
been referred as a crucial machinery involved in reactive species
removal, detoxiﬁcation of toxic metabolites and maintenance of
intracellular redox status (Halliwell and Gutteridge, 2007). It was
found a signiﬁcant inhibition on thioredoxin reductase (TrxR)
activity in heads of animals exposed to mercuric chloride. Fig. 3A
shows that TrxR activity was signiﬁcantly decreased (p < 0.05) at
Hg concentrations ranging from 20 to 40 mg L-1. A similar effect
was found for peroxidase activity (p < 0.05; Fig. 3B). GST (Fig. 3C)
and CAT (Fig. 3D) activities were also signiﬁcantly decreased
(p < 0.05), however only at the highest Hg concentration tested.
Acetylcholinesterase (AchE) activity was unchanged after Hg expo-
sure (data not shown).
Since we found that important antioxidant enzymes were af-
fected in lobster cockroaches exposed to Hg during 7 d, we tested
whether this effect would be relevant in the capacity of animals to
remove peroxides. The ability of cell to remove peroxides is consid-
ered a key mechanism of antioxidant defense (Dringen et al., 2005).
For this purposeweplannedan experiment consisting in the incuba-
tion of cockroach head tissue extracts from animals exposed for 7 d
to Hg at 40 mg L-1, in which several antioxidant enzymes were
inhibited, with a known concentration (100 M) of tert-butyl hydro-
peroxide (t-BOOH).After 10 min incubation at room temperature, an
aliquot of incubation mixture was assayed for peroxide determina-
tion by the PCA-FOX assay. As observed in Fig. 4A, samples obtained
fromHg treated animalswere signiﬁcantly less effective (p < 0.01) in
detoxifying peroxide, as compared to samples from control animals.
Animals exposed to Hg at 20 mg L-1 did not show increased TBARS
levels (Fig. 2D). However, a signiﬁcant decrease in TrxR and peroxi-
dase activity was apparent (Fig. 3A and B). In order to test whether
such effect would be signiﬁcant in the susceptibility of cockroaches
to lipid peroxidation, we incubated samples obtained from animals
exposed to Hg 20 mg L-1 with t-BOOH and then measured TBARS
content. Fig. 4B shows that t-BOOH caused an increase in TBARS for-
mation and this effectwas substantially higher (p < 0.05) in samples
derived from 20 mg L-1 treated animals.
4. Discussion
Oxidative stress is being pointed out as a main mechanism by
which mercury compounds exerts deleterious effects to animals
and humans (reviewed by Farina et al., 2011a,b). Evidences in liter-
ature show that mercury induced oxidative stress is attributed to
ROS formation via low molecular thiols depletion (Ou et al.,
1999; Shanker et al., 2005), mitochondrial dysfunction (Mori
et al., 2007; Franco et al., 2007) and suppression of important anti-
oxidant enzymes (Farina et al., 2009; Franco et al., 2009; Carvalho
A B
C D
Fig. 2. Oxidative stress markers on cockroach exposed to Hg. Animals were exposed to concentrations of HgCl2 in drinking water for 7 d. After treatment was ﬁnished (A)
non-protein thiols (NPSH), (B) protein thiols (PSH), (C) total hydroperoxide and (D) TBARS levels were determined in cockroach head homogenates. Results are expressed as
percentage of control (mean ± SD). ⁄p < 0.05.
A B
C D
Fig. 3. Antioxidant enzyme activity on cockroach exposed to Hg. Animals were exposed to concentrations of HgCl2 in drinking water for 7 d. After treatment was ﬁnished, (A)
thioredoxin reductase (TrxR), (B) peroxidase, (C) glutathione s-transferase (GST) and (D) Catalase (CAT) were determined in cockroach head homogenates. Results are
expressed as percentage of control (mean ± SD). ⁄p < 0.05.
1180 N.R. Rodrigues et al. / Chemosphere 92 (2013) 1177–1182
AB
Fig. 4. Peroxide clearance and lipid peroxidation susceptibility on cockroach
exposed to Hg. (A) Cockroach head tissue extracts from animals exposed for 7 d
to Hg at 40 mg L, were incubated with 100 M tert-butyl hydroperoxide (t-BOOH).
After 10 min incubation at room temperature, an aliquot of incubation mixture was
assayed for peroxide determination by the PCA-FOX assay. (B) TBARS content on
cockroach head tissue extractsfrom animals exposed to Hg 20 mg L incubated with
100 M t-BOOH during 1 h at room temperature. Results are expressed as percentage
of control (mean ± SD). ⁄p < 0.05 and ⁄⁄p < 0.01 compared to controls. #p < 0.05
Comparing t-BOOH vs Hg 20 mg L + t-BOOH.
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biomolecules and lipid peroxidation (Aschner et al., 2007).Recently
our group has demonstrated that Hg exposure leads to several bio-
chemical changes related to oxidative stress in Drosophila melano-
gaster (Paula et al., 2012). Our present results corroborate with
literature and expand knowledge about mercury induced oxidative
stress in insects by showing, for the ﬁrst time, the deleterious ac-
tions of Hg towards the antioxidant defense machinery in the lob-
ster cockroach Nauphoeta cinerea.
Herein, it was found a signiﬁcant decrease in GSH levels and a
trend to decrease protein thiols in cockroaches submitted to Hg
treatment during 7 d. This data is consistent with ﬁndings by Shan-
ker et al. (2005), where C57BL/6J mice injected with methylmer-
cury had substantially lower levels of GSH in brain and liver than
untreated controls. In parallel to thiol depletion, Hg treated cock-
roaches showed a substantial increase in hydroperoxides and
TBARS, evidencing an increased lipid peroxidation index. Lipid per-
oxidation is considered a hallmark of mercury induced oxidative
stress and since GSH is essential to provide a reducing environ-
ment in cells, protecting them against pro-oxidative injuries (Mei-
ster, 1991), the increased lipoperoxidation caused by Hg in our
model may be directly linked to the decreased GSH levels.
The enzymatic antioxidant defense against ROS in insects is
constituted by the actions of glutathione peroxidase (GPX), cata-
lase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase
(Barbehenn, 2002). Furthermore, phospholipid glutathione peroxi-
dase has been reported in insects (Li et al., 2003; Nair et al., 2012).
In addition, cockroaches are known for their prominent resistanceagainst pesticides (Hemingway et al., 1993; Wu et al., 1998). This
has been attributed to elevated levels of GST activity (Ma and
Chang, 2007). The thioredoxin system has been shown to be crucial
in dipteran insects such as Drosophila melanogaster and Anopheles
gambiae, the major vector of tropical malaria, because glutathione
reductase is absent in these organisms (Kanzok et al., 2001).It was
previously shown that inhibition of important antioxidant en-
zymes activity could, at least in part, be responsible for the oxida-
tive damage caused by mercury forms (Carvalho et al., 2008; Farina
et al., 2009; Franco et al., 2009; Glaser et al., 2010; Wagner et al.,
2010; Carvalho et al., 2011; Branco et al., 2011).The inhibitory ac-
tion of mercury compounds towards the thioredoxin system has
been previously shown (Branco et al., 2011; Branco et al., 2012).
Our study expands those contributions to literature and demon-
strates the inhibitory effects of Hg on the thioredoxin system in
the lobster cockroach by a decrease on thioredoxin reductase activ-
ity, an effect that was comparable to those being found in verte-
brates (Branco et al., 2012; Zemolin et al., 2012). This seems to
be a relevant phenomenon, since the thioredoxin system is re-
ported to modulate a vast network of cell signalling pathways,
and its inhibition is likely to compromise the overall cell function
and viability (Branco et al., 2011; Farina et al., 2011a,b).
The toxicity induced by Hg in mammals is in part attributed to
its ability to promote lipid peroxidation (Farina et al., 2011a,b). In
addition, mitochondrial dysfunction also play central role in the
toxic events elicited by this metal (Mori et al., 2007; Franco
et al., 2007). The apoptotic cell death induced by MeHg is in part
attributed to release of apoptotic factors from mitochondria (Cec-
catelli et al., 2010) and lipid peroxidation of mitochondrial mem-
branes may play a central role in this process (Franco et al., 2009,
2010). This is in line with ﬁndings by Paula et al. (2012) where
signs of oxidative stress, including increased ROS formation and
TBARS levels were correlated with increased poly(ADP ribose)
polymerase (PARP) cleavage, a hallmark of apoptosis was appar-
ent after exposure of Drosophila melanogaster to Hg concentra-
tions. Phospholipid glutathione peroxidases are shown to be a
major barrier in the protection against environmental stressors
induced lipid peroxidation in both vertebrates and insects (Con-
rad et al., 2007; Nair et al., 2012). The increased lipid peroxida-
tion levels found in head tissues of cockroaches exposed to Hg
correlates to the decreased levels of peroxidase activity as well
as other crucial antioxidant enzymes CAT, GST and TrxR. This
phenomenon seems to be physiologically relevant since tissue ex-
tracts from Hg treated cockroaches presented an impaired ability
to remove peroxides and had an increased lipid peroxidation
induction when incubated with peroxide in vitro (Fig. 4A and
B). In addition, GSH is essential for the activity of all forms of glu-
tathione peroxidases (Arthur, 2000) and also act as a cofactor for
GST activity (Habig and Jakoby, 1981). Since GPx’s are crucial for
peroxide removal (Dringen et al., 2005) and many GST isoforms
possess peroxidase-like activity, including insect GST’s (Ma and
Chang, 2007), the observed decrease in GSH levels found in our
model may also contribute to the impaired ability to remove per-
oxides, thus compromising the overall cellular defence against the
pro-oxidative actions of Hg.
Due to various pressures, in the last decades scientists in the
ﬁeld of toxicology are being encouraged to explore alternative
models in toxicological studies. In the present report, we describe
the lobster cockroach Nauphoeta cinerea as a valuable system for
studying the toxicological aspects of mercury. Our data shows that
this animal responds to a toxic insult with concentrations of mer-
curic chloride in a similar way as do other organisms, including ro-
dents and other invertebrates.
It is demonstrated, for the ﬁrst time, that Hg induces toxicity
and oxidative stress signs in the lobster cockroach. All effects
caused by Hg in the cockroach are in line with literature reports,
1182 N.R. Rodrigues et al. / Chemosphere 92 (2013) 1177–1182an observation that consistently support the use of this model as a
promising tool for the understanding of mechanisms of toxicity as
well as a biosensor for mercury environmental hazards. Our data
also provides evidences that changes in important antioxidant en-
zymes involved in the GSH and thioredoxin metabolism may be
potentially used as biomarkers of Hg environmental exposures.Acknowledgments
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